Introduction
============

Seeds of higher plants accumulate storage materials such as carbohydrates and proteins in cotyledons or endosperms, and the reserves are degraded to supply carbon and nitrogen sources to further seedling growth ([@bib6]). Endospermic monocotyledon seeds store the reserves in the endosperms, which are derived from the fertilization of a central cell in the ovule with a sperm cell from the pollen grains (for review see [@bib35]). After or during the deposition of the reserves, cells in the endosperm die through possible programmed cell death, which is induced by ethylene, a plant hormone ([@bib47]). When the monocotyledon seeds are germinated, the reserves in the endosperms are degraded by hydrolases that are secreted from aleurone layers (for reviews see [@bib1]; [@bib9]). In other words, endosperms in germinated cereal grains are sites of a mixture of storage materials and hydrolases, such as amylases and proteases, which are synthesized de novo in aleurone layers by the induction of gibberellic acids ([@bib4]; [@bib17]; [@bib19]; [@bib38]; [@bib39]).

In contrast to monocot seeds, many nonendospermic dicotyledon seeds store the reserves in cotyledon cells, which are developed from the fusion of an egg cell with a sperm cell (for review see [@bib35]), and the cotyledon cells are still alive even when the seeds germinate. In addition, the pattern of the degradation of storage materials in the cotyledons is well ordered. In cotyledons of kidney bean and mung bean seedlings, the mobilization of reserves is initiated in the cells positioned furthest from the vascular bundle (VB),[\*](#fn1){ref-type="fn"} and the degradation progresses toward the VB according to the progress of germination. On the other hand, the use of reserves first occurs in the cells nearest to the VB, and the breakdown progresses to the outer cotyledon cells in soybean and favabean seedlings ([@bib5]). Such well-ordered degradation processes have been explained by the programmed cell death of plants ([@bib12]; [@bib34]). Senescence of higher plants is the final phase of a plant organ\'s development, involves the active turnover and recapture of cellular materials for use in other organs ([@bib29]), and requires nuclear functions, suggesting it is an active and programmed process ([@bib28]). Cotyledons of dicotyledon seeds are leaves specialized for storage of reserves, and they change to senescence organs from vegetative organs at the stage of seed germination and subsequent seedling growth.

In cotyledons of *Vigna mungo* seeds, proteins and starch are stored in protein storage vacuoles (PSVs) and starch granules (SGs), respectively ([@bib14]; [@bib22]). Upon germination of the seeds, the storage proteins in the PSV are degraded by a papain-type proteinase, designated SH-EP ([@bib24]; [@bib31]) and the PSV is converted to a lytic vacuole (LV). Recently, it has been suggested that mass transport of proSH-EP from the endoplasmic reticulum (ER) to the PSV by ER-derived vesicles with a diameter of 200--500 nm mediates the characteristic/rapid conversion of PSV to LV in cotyledon cells ([@bib42]). Although the degradation mechanism of storage proteins has been gradually resolved, the breakdown processes of another major storage material, starch, are still unclear. By biochemical analysis, α-amylase was identified as the enzyme that has a major role in the degradation of stored starch in the cotyledons of germinated *V*. *mungo* seeds ([@bib20]), but it remains open how the enzyme reaches SG or how degradation of SG occurs in the cotyledon cells. Since α-amylase has a signal peptide ([@bib46]) that should be recognized with signal recognition particles, the enzyme would enter the lumen of the ER ([@bib45]) and thus is expected to be further transported to the vacuoles or secreted by the endomembrane system. This supposed intracellular localization of α-amylase indicates that the enzyme is not directly sorted to SG originating from plastides.

In this study, we first identified the intracellular localization of α-amylase in the cotyledon cells of *V*. *mungo* seedlings or embryo axis-removed (detached) seeds by immunocytochemical assays using affinity-purified anti--α-amylase antibody. The results obtained showing the vacuolar localization of α-amylase in the cotyledon cells led us to observe the ultrastructures of the cotyledon cells to see the interaction of the vacuoles with the SG. The SG was wrapped with the acidic cell compartment that would be formed by fusion of a de novo synthesized acidic vesicle and subsequently incorporated into the LV. In addition, a distinct autophagic process to that for SG was found to be involved in the degradation of cytoplasm and mitochondrion. We showed that at least two distinct autophagic processes function for the degradation of the SG and other cytoplasmic components in the cells of the germinating cotyledon.

Results
=======

Expression of α-amylase in attached or detached cotyledons
----------------------------------------------------------

We have previously reported that removal of the embryonic axes from *V. mungo* seeds had effects on expression of proteinase activity and degradation of storage reserves in cotyledons ([@bib21]; [@bib46]). When *V*. *mungo* seeds were allowed to germinate at 27°C in darkness, proteinase and amylase activities in the cotyledons (attached cotyledons) increased and reached a maximum level at 3 d after imbibition, and the amounts of storage proteins and starch gradually decreased during seed germination and subsequent seedling growth. When detached cotyledons (embryonic axes were removed from dry seeds) were prepared and incubated under the same conditions as above, mobilization of storage proteins and starch was not observed, and the proteinase activity remained at a low level. However, amylase activity appeared even in the detached cotyledons at an equivalent level to that in the attached cotyledons ([@bib46]). In this study, changes with time in amounts of a papain-type proteinase (SH-EP), α-amylase and an asparaginyl endopeptidase (VmPE-1; [@bib30]) in the attached or detached cotyledons were analyzed by SDS-PAGE and immunoblotting with anti--SH-EP, α-amylase, or VmPE-1 antibody. In the attached cotyledons, these three hydrolases were synthesized de novo, and the amounts of these enzymes increased in *V*. *mungo* seeds within 4 d after imbibition ([Fig. 1](#fig1){ref-type="fig"}) . In the detached cotyledons, expressions of SH-EP and VmPE-1 were markedly suppressed, but the expression level of α-amylase was almost the same as that in the attached cotyledons ([Fig. 1](#fig1){ref-type="fig"}). These results indicate that α-amylase is normally expressed even in detached cotyledon cells in which starch stored in SGs is intact ([@bib21]; [@bib46]), and that α-amylase is not directly transported to SGs but to other cell compartment(s) in the cotyledon cells. Thus, to determine the intracellular localization of the enzyme, subcellular fractionation and immunocytochemical assays of cotyledon cells were conducted.

![**Changes with time in amounts of SH-EP,** α**-amylase, and VmPE-1 in cotyledons of** *V. mungo* **seedlings (Attached cotyledons) or embryo axis--removed cotyledons of** *V. mungo* **seeds (Detached cotyledons).** Attached or detached cotyledons were prepared as described in Materials and methods. 10 pairs of cotyledons were homogenized with 3 ml of 50 mM Tris-Cl (pH 7.4), and the homogenates were centrifuged at 15,000 *g* for 10 min. Supernatants (10 μl each) were analyzed by SDS-PAGE immunoblotting with anti--SH-EP, α-amylase, or VmPE-1 antibody.](0105096f1){#fig1}

Intracellular localization of α-amylase in cotyledon cells
----------------------------------------------------------

Cotyledon cells of day 3 dark-grown *V*. *mungo* seedlings were fractionated into microsome and PSV fractions, and both fractions were separated by SDS-PAGE. In the PSV fraction, polypeptides around 50 kD that were derived from storage globulins ([@bib31]) were enriched ([Fig. 2](#fig2){ref-type="fig"} A). When the proteins in the gel were analyzed by immunoblotting with anti--SH-EP antibody, proSH-EP of 43-kD (ER and/or KDEL-tailed cysteine proteinase--accumulating vesicle \[KV\] form) and 33-kD mature SH-EP (vacuolar form) were detected in microsome and PSV fractions, respectively ([Fig. 2](#fig2){ref-type="fig"} B; [@bib30]). This suggests that fractionations of the microsome and PSV from cotyledon cells were successfully conducted. Probing the blots with anti--α-amylase antibody resulted in detection of α-amylase with molecular mass of 44 kD in both the PSV and microsomal fractions ([Fig. 2](#fig2){ref-type="fig"} C), suggesting that the enzyme is localized in PSV without proteolytic processing of the enzyme in PSV. By immunocytochemical analysis of the cotyledon cells with anti--α-amylase antibody, it was revealed that α-amylase is localized in both PSVs and LVs ([Fig. 3](#fig3){ref-type="fig"} , A--F), which is possibly converted from the PSV by fusion of KV ([@bib42]). [Fig. 3](#fig3){ref-type="fig"} A shows that α-amylase is localized in the PSV but not in the SG. Immunogold staining of the Golgi complex with anti--α-amylase antibody indicates that α-amylase is transported to the PSV through a Golgi complex--dependent pathway ([Fig. 3, B and C](#fig3){ref-type="fig"}). When cotyledon cells were double immunogold--stained with anti--α-amylase polyclonal antibody and anti--SH-EP monoclonal antibody, α-amylase and SH-EP were localized in the PSV and KV, respectively ([Fig. 3](#fig3){ref-type="fig"} D), supporting the sorting of α-amylase is Golgi complex dependent but not KV dependent. In addition to the PSV, the LV was densely immunogold labeled ([Fig. 3](#fig3){ref-type="fig"} E). This suggests that α-amylase is transported to both the PSV and LV or sorted to the PSV before the conversion of PSVs to LVs occurs. When the detached cotyledons were incubated for 3 days and the cotyledon cells were analyzed with the same procedures, it was indicated that α-amylase is transported to the PSV also in the detached cotyledons ([Fig. 3, F and G](#fig3){ref-type="fig"}).

![**Subcellular distribution of** α**-amylase in** *V. mungo* **cotyledon cells.** Microsome and PSV fractions were prepared from cotyledons of day 3 seedlings as described in Materials and methods. Extracts from dry seeds and day 3 cotyledons, microsomes, and PSV fractions (20 μg protein each) were separated by SDS-PAGE. Proteins in the gel were analyzed by Coomassie Brilliant blue staining (A), or by immunoblotting with anti--SH-EP antibody (B) or anti-- α-amylase antibody (C). Bracket indicates the polypeptides derived from storage globulins. Arrowhead indicates α-amylase.](0105096f2){#fig2}

###### 

**Electron micrographs showing the immunogold localization of** α**-amylase in attached cotyledons cells (A--E), detached cotyledons cells (F), or control for immunogold labeling (G).** (A) Anti--α-amylase antibody immunogold-stained PSV, but not SG. (B and C) Golgi complex and PSVs were both immunogold-labeled with anti-- α-amylase antibody. (D) Immunogold localization of α-amylase (15-nm particles) and SH-EP (10-nm particles). α-Amylase and SH-EP were localized in PSVs and KVs, respectively. (E) Gold particles from anti--α-amylase antibody were detected in LVs as well as PSVs. (F) PSVs in detached cotyledons were immunogold labeled with anti-- α-amylase antibody. (G) Immunogold staining of detached cotyledon cells without first antibody (anti--α-amylase antibody). No gold particles were observed in the cell. CW, cell wall; G, Golgi complex; KV, KDEL-tailed cysteine proteinase-accumulating vesicle; LV, lytic vacuole; Mt, mitochondrion; PSV, protein storage vacuole; SG, starch granule. Bars, 200 nm.
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Breakdown of SG in LVs through autophagic process
-------------------------------------------------

Ultrastructural analyses of the cotyledon cells of normally germinated *V*. *mungo* seeds were conducted to observe how SG interacts with vacuoles to be degraded by α-amylase. A cotyledon of a day 3 seedling is composed of heterologous cells with respect to the amount of reserves in the cells. Cells positioned near a vascular bundle (VB) were filled with storage materials ([Fig. 4](#fig4){ref-type="fig"} A, region I), the reserves were degraded mostly in the cells far from the VB ([Fig. 4](#fig4){ref-type="fig"} A, region III), and middle phase cells between filled cells and empty cells were observed ([Fig. 4](#fig4){ref-type="fig"} A, region II). In the cells filled with reserves (filled cells), the border between the SG and cytoplasm was clear, and the electron density of the PSV was high since the storage proteins were intact ([Fig. 4](#fig4){ref-type="fig"} B). The electron density of the PSV became low when the degradation of proteins started ([Fig. 4](#fig4){ref-type="fig"} C). In the same cells, a membranous structure surrounding SGs was observed, and some regions with low electron density (LED) were found ([Fig. 4](#fig4){ref-type="fig"} C). The LED area around the SG was enlarged in the empty cells in which most reserves were degraded and the PSV was converted to an LV ([Fig. 4](#fig4){ref-type="fig"} D). In addition, vesicles with similar density to the LV and LED regions were observed in the empty cells ([Fig. 4](#fig4){ref-type="fig"} E). These vesicles would be formed/synthesized de novo, since such vesicles were not found in the filled cells ([Fig. 4](#fig4){ref-type="fig"} B). An SG surrounded with the LED region interacted with the LV ([Fig. 4](#fig4){ref-type="fig"} E), and membrane fusion between the LED area around the SG and LV was observed ([Fig. 4](#fig4){ref-type="fig"} F). The SG was found to be in the inside of the LV, and the shape of the SG was not round ([Fig. 4](#fig4){ref-type="fig"} G), suggesting that degradation of SGs in LVs results in a change of shape of the SG. [Fig. 4](#fig4){ref-type="fig"} H represents the immunogold image of degradation of an SG by α-amylase in an LV. A major part of α-amylase was found at the peripheral region of the SG, which was inserted into the LV ([Fig. 4](#fig4){ref-type="fig"} H), suggesting the degradation of starch occurs at the peripheral area of SGs. In contrast to cells of attached cotyledons, conversion of PSVs to LVs was not observed, and SGs were not taken up into a PSV in the cells of detached cotyledons, which were incubated for 3 d ([Fig. 4](#fig4){ref-type="fig"} I). In addition, neither the LED region around the SG nor the possibly de novo--synthesized vesicle with similar density to the LV was observed in the cells ([Fig. 4](#fig4){ref-type="fig"} I). The degradation of the SG in LVs ([Fig. 4](#fig4){ref-type="fig"}, E--G) will indicate that the conversion of PSVs to LVs must occur before starch breakdown. By biochemical analyses for changes with time in amount of proteins and starch in the cotyledons of germinated *V*. *mungo* seeds, it has been revealed that the amount of proteins decreases in the cotyledons before starch breakdown ([@bib21]). The observation of degradation of the SG in LVs supports the previous report, since degradation of storage proteins in PSVs results in PSV conversion to LVs. Next, SGs, cells containing SGs, and thick sections were prepared from the cotyledons of day 3 seedlings and subsequently stained with LysoTracker red, an acidic organelle-selective probe. Small foci stained with the probe were found around the SG in broken cotyledon cells ([Fig. 5](#fig5){ref-type="fig"} , A--D) and in cells of cotyledon sections ([Fig. 5](#fig5){ref-type="fig"}, E--H). In addition, SGs were found to be wrapped with the acidic cell compartment ([Fig. 5, I and J](#fig5){ref-type="fig"}) and to be in the inside of a putative vacuole ([Fig. 5, K and L](#fig5){ref-type="fig"}). These LysoTracker red--stained small foci and cell compartments wrapping SGs explain the character of de novo--synthesized vesicles and the LED region around the SG, which were observed in the ultrastructual analyses of the cotyledon cells. The de novo--synthesized vesicles shown in [Fig. 4](#fig4){ref-type="fig"} E may correspond to the small foci ([Fig. 5, B, D, F, and H](#fig5){ref-type="fig"}); and the LED region ([Fig. 4, D and E](#fig4){ref-type="fig"}), to the LysoTracker red--stained cell compartment wrapping SGs ([Fig. 5](#fig5){ref-type="fig"} J). This also suggests the possibilities that vesicles or small cell compartments with acidic pH fuse with SGs and that LED regions around SGs are built up by the fusion of such acidic vesicles/small cell compartments. When sections were prepared from detected cotyledons, which were incubated for 3 d and subsequently stained with the probe, no small foci were observed in the cells ([Fig. 5](#fig5){ref-type="fig"}, M--P). This is consistent with the result of ultrastructural observation, showing that neither de novo vesicle or LED region around SGs was detected in the cells of detached cotyledons ([Fig. 4](#fig4){ref-type="fig"} I).

###### 

**Electron micrographs showing ultrastructures of cotyledon cells of germinated** *V. mungo* **seeds (A--G), immunogold localization of** α**-amylase in cotyledon cells (H), and ultrastructure of cells of detached cotyledons (I).** Toluidine blue (TB) staining of sections from cotyledons of day 3 *V*. *mungo* seedlings. Conversion from TB-stained cells (region I) to TB-stainless cells (region III) was accompanied with that of the PSV to LV. (B) SGs and PSVs in TB-stained cells (A, region I). The PSV was filled with storage proteins. Arrowheads indicate border between SGs and the cytoplasm. (C) SGs and PSVs in cotyledons at region II in A. Electron density of PSVs became low. SGs were surrounded with membranous structure (arrows). LED areas were found between SGs and the cytoplasm. (D) SG and LV in TB-stainless cells (region III in A). The PSV was converted to the LV in the cells. The areas around SG with LED were enlarged. (E) Ultrastructure of TB- stainless cells. SGs wrapped with a LED area contacted with LVs (arrowheads). Vesicles with similar density to LVs were observed. (F) LED membranes around the SGs fused with the LV membranes (arrow). (G) SGs were observed in LVs. The shape of SGs were largely different from those in B--E. (H) An Immunogold image representing degradation of SGs by α-amylase localized in LVs. Gold particles from anti--α-amylase antibody were densely detected in the peripheral region of SGs, which is inserted into the inside of the LV. (I) PSVs were not converted to LVs, and SGs were not taken up into PSVs in the cells of detached cotyledons. Neither low density areas around SGs nor vesicles with similar density to LV was observed in the cells. LV, lytic vacuole; Mt, mitochondrion; PSV, protein storage vacuole; SG, starch granule. Bars: (A) 50 μm; (E and G) 2 μm; (D, F, and I) 1 μm; (B, C, and H) 200 nm.
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###### 

**LysoTracker red staining of partially broken cotyledon cells, SGs, or cotyledon sections.** Cotyledon cells, SGs, and sections were prepared from day 3 attached or detached cotyledons and stained with LysoTracker red as described in Materials and methods. (A) Differential interface--contrast image of a broken cell. (B) Fluorescent image of A. (C) Differential interface--contrast image of a broken cell. (D) Fluorescent image of C. (E) Differential interface--contrast image of cells of a section from attached cotyledons. (F) Fluorescent image of E. (G) Magnified image of E. (H) Magnified image of F. (I) Differential interface--contrast image of an SG. (J) Fluorescent image of I. (K) Differential interface--contrast image of an SG. (L) Fluorescent image of K. (M) Differential interface--contrast image of cells of a section from detached cotyledons. (N) Fluorescent image of M. (O) Magnified image of M. (P) Magnified image of O. Bars: (A--D, G--L, O, and P) 20 μm; (E, F, M, and N) 50 μm.
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Autophagosome-mediated autophagy in cotyledon cells
---------------------------------------------------

In the course of the ultrastructural observation of the cotyledon cells, the autophagic process for cytoplasm and mitchondrion, which is distinct from that for SGs, was detected. Two autophagosomes containing cytoplasm with a double membrane were observed in the attached cotyledon cells, and mitochondria and cytoplasm appeared to be enclosed with double-membranous structure similar to that of the endoplasmic reticulum ([Fig. 6](#fig6){ref-type="fig"} A). Autophagosome containing mitochondria and cytoplasm was fused with the LV ([Fig. 6](#fig6){ref-type="fig"} B), and an autophagic body containing mitochondria was observed in LVs ([Fig. 6](#fig6){ref-type="fig"} C). These results are consistent with the reports that vacuoles in the cotyledon cells of *Vigna radiata* function as autophagic organelles ([@bib44]; [@bib15]). When the detached cotyledons were incubated at 27°C in darkness for 3 d and then analyzed by conventional electron microscopy, as shown in [Fig. 6, A--C](#fig6){ref-type="fig"}, autophagosomes and autophagic bodies were observed in the detached cotyledon cells ([Fig. 6, D and E](#fig6){ref-type="fig"}), although the conversion of PSV to LV did not occur ([Figs. 4](#fig4){ref-type="fig"} I and 6, D and E). This indicates that autophagosome-mediated autophagy functions in detached cotyledons as well as attached cotyledons.

###### 

**Electron micrographs showing autophagosome-mediated autophagy in attached (A--C) and detached (D and E) cotyledon cells.** (A) Two autophagosomes containing cytoplasm were observed. Mitochondria and the cytoplasm appeared to be enclosed with an ER-like double membrane. (B) An autophagosome containing mitochondria and cytoplasm was fused with LV (arrowheads). (C) Autophagic body containing mitochondria was found in LV. (D) An autophagosome containing mitochondria and cytoplasm was observed. The PSV was not converted into the LV. (E) Autophagic body was observed in the PSV of detached cotyledon cells. AB, autophagic body; AP, autophagosome; ER, endoplasmic reticulum; LV, lytic vacuole; Mt, mitochondrion; PSV, protein storage vacuole; SG, starch granule. Bars, 200 nm.
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Discussion
==========

α-Amylase was transported to the vacuoles via the Golgi complex in the cotyledon cells of *V*. *mungo* seedlings. This is consistent with the postulated intracellular localization of the enzyme ([@bib46]). In cultured rice cells, α-amylase was detected in the vacuoles and on cell walls, because α-amylase genes exist as a multigene family and there are several kinds of α-amylase in rice plant ([@bib7]). In contrast, α-amylase of *V*. *mungo* is encoded by a single gene ([@bib46]), explaining the observation of clear localization of α-amylase only in the vacuoles of the cotyledon cells. The vacuolar sorting signals that have been identified ([@bib8]; [@bib27]) were not found in the amino acid sequence deduced from cDNA for α-amylase, indicating the possibility of the existence of an unidentified vacuolar targeting signal on the amino acid sequence of α-amylase of *V*. *mungo*.

Autophagic mechanisms have been intensively investigated in yeast, and at least two main autophagic machineries have been identified. First is macroautophagy: cytoplasm and/or mitochondria are sequestered into autophagosomes wrapped with a double membrane, and then the autophagosome fuses with vacuoles ([@bib41]; [@bib3]). Second is microautophagy, which was identified in the degradation process of the peroxisome in glucose-treated yeast cells. This autophagic process is proceeded by engulfment of the peroxisome by vacuoles and is called micropexophagy ([@bib43]; [@bib36]). Investigations for autophagy in plants have been mainly conducted with cultured cells, since removal of nutrients in culture medium often induces autophagy in the cultured cells ([@bib7]; [@bib2]; [@bib26]). Therefore, the study of autophagy related to plant development/senescence has been limited. This study indicates that two distinct autophagic processes function in the cotyledon cells of *V*. *mungo* seedlings for the degradation of reserves and cellular components. A model of two types of autophagies in a cotyledon cell is presented in [Fig. 7](#fig7){ref-type="fig"} . One autophagic process is the degradation of SGs. In the cotyledon cells, the SG is wrapped with an acidic cell compartment that is possibly built up by the fusion of small acidic vesicle synthesized de novo and subsequently incorporated into the LV that is converted from PSV by the fusion of KV. As for de novo*--*synthesized vesicles with acidic pH, it is known that small vacuoles are synthesized de novo in the aleurone cells of germinated barley grains ([@bib33]; [@bib40]; [@bib37]). The vesicles in the cotyledon cells may correspond to the newly synthesized vacuoles. The degradation of SG in LV was observed by ultrastructural and immunocytochemical analyses of the cotyledon cells. However, we could not clearly identify how wrapped SGs were inserted into the inside of vacuoles. Two possibilities were suggested for the cellular mechanism of the insertion of SGs into LVs. A wrapped SG is further surrounded by several LVs and finally incorporated into the LV through membrane fusion between LVs ([Fig. 4](#fig4){ref-type="fig"} E), or the membrane of the LED region around the SG is fused to that of the LV ([Fig. 4](#fig4){ref-type="fig"} F), resulting in the insertion of SGs into the inside of LVs. It cannot be excluded that both mechanisms function synergistically for effective vacuolar degradation of LED-wrapped SGs. In yeast cells, the peroxisome is wrapped with thin or fragmented vacuoles at the first step of micropexophage, and subsequently the wrapped peroxisome is engulfed into the vacuole ([@bib43]; [@bib36]). Degradation of SGs may be proceeded by a mechanism analogous to micropexophagy, since SG was also wrapped with acidic cell compartments.

![**A model of autophagic processes in the cotyledon cell of germinated** *V. mungo* **seeds.** The digestion of storage proteins in germinated cotyledons occurs in cells farthest from the VB. The proform of SH-EP synthesized in the lumen of the ER is packed into the KV at the edge or the middle region of the ER. The KV filled with proSH-EP buds off from the ER, bypasses the Golgi complex, and fuses with the PSV, resulting in the release of proSH-EP into the inside of the PSV. This mass transport of proteinase triggers the breakdown of storage proteins and conversion of the PSV into the LV. α-Amylase is transported to the PSV via the Golgi complex. The acidic vesicle is synthesized de novo (dnV) and fuses with the SG. The transport pathway of dnV to the SG remains open. The possibility that dnVs are derived from the LV by a process of fragmentation of LVs cannot be excluded. An LED area is formed around the SG by fusion of dnVs, and an SG wrapped with LED area is incorporated into the LV by membrane fusion between the LED area around SGs and LVs or engulfment of SGs by LVs. Autophagosome carries mitochondria and cytoplasm to the PSV and/or LV. SGs, mitochondria, and cytoplasm are degraded by hydrolases in LVs. These autophagic processes mediate the change of the cotyledon cells filled with storage materials (shaded cells) into cells in that most cell components are degraded (nonshaded cells). In detached cotyledons, SH-EP is only slightly expressed, and the KV is not formed, resulting in loss of conversion of the PSV to the LV. The acidic vesicle (dnV) is not synthesized in the detached cotyledon cells. AB, autophagic body; AP, autophagosome; dnV, de novo--synthesized acidic vesicle; ER, endoplasmic reticulum; KV, KDEL-tailed cysteine proteinase-accumulating vesicle; LED, low electron density; LV, lytic vacuole; Mt, mitochondrion; PSV, protein storage vacuole; VB, vascular bundle.](0105096f7){#fig7}

The other autophagic machinery in the cotyledon cells is the macroautophagy that is mediated by autophagosome. In the autophagosome, mitochondria and cytoplasm were observed ([Fig. 6](#fig6){ref-type="fig"}, A--E), which corresponded to autophagic vesicles reported in the cotyledons of *V*. *radiata* ([@bib44]). These findings suggest that the cytoplasm and mitochondria in the cotyledon cells are sorted to the vacuoles via the autophagosome in a similar manner to those in yeast cells ([@bib41]; [@bib3]). The macroautophagy was detected in both the attached and detached cotyledon cells, but the autophagic process for the degradation of SGs was observed only in the attached cotyledon cells. In the detached cotyledons, SH-EP was barely expressed, and storage proteins remained intact, resulting in no conversion of PSVs to LVs and in loss of SG degradation in LVs ([Fig. 7](#fig7){ref-type="fig"}).

The autophagic programmed cell death (PCD) detected in the cotyledon cells is different from PCD by hypersensitive response, the plant defence system against pathogens, or by differentiation of tracheary elements. PCD induced by hypersensitive response is highly similar to apoptosis ([@bib11]), and that of the differentiation of tracheary elements is induced by tonoplast disruption and subsequent release of vacuolar hydrolases into the cytosol ([@bib10]). Higher plants use the autophagic PCD for senescing organs rather than the apoptotic or hydrolase-releasing PCD, since hydrolysis of cellular materials in vacuoles does not damage the senescing cells, and withdrawal of cellular materials from the cells can be successfully achieved ([@bib18]). In fact, two kinds of autophagic processes, micropexophagy-like and autophagosome-mediated autophagies, were found to function in the germinated cotyledon cells, and a possible relationship between senescence and autophagy was indicated. Moreover, the ultrastructural analysis of senescing leaves also indicated that the autophagic PCD occurs in the senescing leaves of kidney beans ([@bib23]). Plants use vacuoles for storage of materials as well as hydrolysis of needless cellular components (for review see [@bib16]). In addition to these well-known functions of vacuoles, the autophagic vacuoles in senescing cells may be one way of the flexible uses of vacuoles by plants, since the turnover and recapture of cellular materials are exclusively developed in plants.

Materials and methods
=====================

Plant materials
---------------

*V. mungo* seeds were germinated on layers of wet filter paper at 27°C in darkness, and the cotyledons were collected on days 1 to 4 after imbibition. The cotyledons from the seedlings were used as attached cotyledons. To prepare detached cotyledons, embryo axes were removed from dry *V*. *mungo* seeds, and the embryo axis-removed cotyledons were incubated on wet filter paper at 27°C in darkness for 1--4 d.

Gel electrophoresis and immunoblotting
--------------------------------------

SDS-PAGE and immunoblotting were performed as described previously ([@bib25]).

Preparation of antibodies
-------------------------

α-amylase was purified according to [@bib20], and the purified enzyme (3 mg) was immobilized to 3 ml of ECH-Sepharose 4B (Amersham Pharmacia Biotech) according to the manufacturer\'s instructions. 25 ml of antiserum to α-amylase was precipitated by the addition of 12.5 ml of saturated ammonium sulfate solution, and the precipitate was dialyzed against PBS. After centrifugation of the dialyzed solution, the supernatant was applied to the column of the α-amylase--immobilized Sepharose, which had been equilibrated with PBS. The column was washed first with PBS and further with 0.5 M NaCl in PBS. The antibody bound to the column was eluted by 0.1 M glycine-HCl (pH 2.5) containing 0.5 M NaCl, and the eluate was immediately neutralized with 1 M Tris-Cl (pH 8.0). The antibody obtained from the column was dialyzed against PBS containing 0.1% sodium azide and used as anti--α-amylase antibody. Monoclonal and polyclonal antibodies against SH-EP ([@bib42]) and anti--VmPE-1 antibody ([@bib32]) were prepared as described previously.

Immunocytochemistry and ultrastructural analysis
------------------------------------------------

Cotyledons of 3-d-grown *V*. *mungo* seedlings or detached cotyledons incubated for 3 d were cut into ∼1-mm^3^ cubes and fixed with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M potassium phosphate buffer (pH 7.4) for 4 h at 4°C. After fixation of the tissue pieces, they were dehydrated in a graded methanol series. Procedures for ultrastructural analysis were conducted as described previously ([@bib13]). For immunocytochemical analysis, the dehydrated pieces were embedded in a hard formulation of LR White resin. Ultrathin sections mounted on nickel grids (600 mesh; Electron Microscopy Sciences) were blocked with 10% fetal bovine serum in TBS (25 mM Tris-Cl, pH 7.4, 150 mM NaCl) for 10 min at room temperature. The sections were then labeled with affinity-purified antibody to α-amylase (diluted 1:1) or SH-EP (1:1) in TBS. After being washed with TBS, the sections were indirectly labeled with colloidal gold particles coupled to goat anti--rabbit IgG or colloidal gold particles coupled to goat anti--mouse IgG. The gold-labeled sections were then washed with TBS, rinsed in water, and stained with 4% aqueous uranyl acetate. The grids were examined and photographed with a transmission electron microscope (model 1010EX; JEOL) at 80 kV.

Subcellular fractionation of cotyledon cells, sectioning of cotyledons, and confocal laser scanning microscope
--------------------------------------------------------------------------------------------------------------

The microsome and PSV fractions were obtained from the cotyledons of day 3 *V*. *mungo* seedlings as described ([@bib30]). To prepare the fraction containing SGs and partially broken cotyledon cells containing SGs, 50 pairs of day 3 cotyledons were gently ground in a mortar and pestle with 5 ml of 50 mM Hepes-KOH (pH 7.5) containing 0.5 M sucrose, 5 mM MgCl~2~, 1 mM EDTA. The homogenate was filtered through a nylon mesh (150 μm in diameter), and the filtrate was allowed to stand for 10 min on ice for precipitation of SGs and broken cells containing SGs. The precipitate was resuspended in 5 ml of homogenization buffer, and the resuspension was again allowed to stand for 10 min on ice. After the precipitate was resuspended with the buffer, LysoTracker red DND-99 (Molecular Probes) was added at the final concentration of 1 μM. After incubation for 15 min and subsequent washing twice, the samples were observed by confocal laser scanning microscopy (LSM 510, ZEISS) using a 543-nm Helium-Neon laser for excitation and a 560-nm-long pass filter for the detection of fluorescence. Cotyledons from day 3 seedlings or detached cotyledons incubated for 3 d were transversally sliced by a razor blade into ∼0.5-mm-thick portions in the buffer (50 mM Hepes-KOH, pH 7.5, 0.5 M sucrose, 5 mM MgCl~2~, 1 mM EDTA). The sections were washed with the buffer and subsequently incubated in the buffer containing 1 μM LysoTracker red DND-99 for 10 min. After washing the sections three times, the samples were observed by confocal laser scanning microscopy as described above.
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